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Intrinsic anomalous Nernst effect (ANE), like its Hall counterpart, is generated by Berry curvature
of electrons in solids. Little is known about its response to disorder. In contrast, the link between
the amplitude of the ordinary Nernst coefficient (ONE) and the mean-free-path is extensively doc-
umented. Here, by studying Co3Sn2S2, a topological half-metallic semimetal hosting sizable and
recognizable ordinary and anomalous Nernst responses, we demonstrate an anti-correlation between
the amplitude of ANE and carrier mobility. We argue that the observation, paradoxically, estab-
lishes the intrinsic origin of the ANE in this system. We conclude that various intrinsic off-diagonal
coefficients are set by the way the Berry curvature is averaged on a grid involving the mean-free-path,
the Fermi wavelength and the de Broglie thermal length.
I. Introduction
Electrons in some solids do not flow along the applied
electric field or thermal gradient, even in zero magnetic
field. The phenomena, known as anomalous Hall, anoma-
lous Nernst and anomalous thermal Hall effects (AHE,
ANE and ATHE), may be caused either by the geomet-
ric (Berry) curvature of Bloch functions or by the skew
scattering of electrons off magnetic impurities. Distin-
guishing between these intrinsic and extrinsic origins (see
[1, 2] for reviews) has motivated numerous investigations
during the past two decades.
Here we focus on the anomalous Nernst effect (ANE).
The Nernst effect, Sxy, is a transverse electric field gener-
ated by a longitudinal temperature gradient (in absence
of charge flow). It is directly accessible to the experimen-
talist and has to be distinguished from the off-diagonal
component of the thermoelectric tensor, (αxy). The lat-
ter is the transverse temperature gradient generated by
a longitudinal charge flow (in absence of electric field),
which is often the immediate result of theoretical calcu-
lations. The two coefficients are intimately connected to
each other [3].
A pioneer theoretical study of the intrinsic anomalous
Nernst effect [4] argued that it depends on the magnitude
of the magnetization in the host solid. The expected cor-
relation between the two properties became the mantra of
many of the numerous experimental studies of the ANE
[5–14] in topological solids (for a review of such systems
see [15, 16]). A prominent question, yet to be addressed,
is the role of disorder in setting the amplitude of the
ANE. Does this transport property depend on the mean-
free-path? If yes, since magnetization is a thermody-
namic property, how come? The ordinary Nernst effect
(ONE) is expected to scale with mobility [3, 17]. Ex-
perimental studies have not only confirmed this scaling
across different systems, but also found that the mag-
nitude of ONE in a given solid increases as it becomes
cleaner (bismuth and URu2Si2 are two prominent case
studies) [3]. To the best of our knowledge, this has not
been the case of ANE.
In this paper, we show that this opportunity is offered
for the first time by the newly-discovered magnetic Weyl
semimetal Co3Sn2S2. This is a solid with a Shandite
structure, which becomes a ferromagnet below 180 K [19–
21]. Theoretical calculations suggest that this semimetal-
lic half-metal [22] with negative flat-band magnetism [23],
hosts Weyl nodes 60 meV off the Fermi level [24]. Previ-
ous experiments have found a large AHE [24, 25], a large
ANE [12, 14] and surface-termination-dependent Fermi
arcs[26].
We report first on a significant improvement in the
quality of Co3Sn2S2 single crystals obtained by chemical
vapor transport (CVT) method. The improved quality
shows itself in higher mobility compared to what was
reported in previous studies [12, 14, 21, 24, 25]. This
allowed us to perform a systematic study of five differ-
ent crystals with different impurity concentrations. We
find that, as expected [3, 17], the amplitude of the or-
dinary Nernst response, SOxy is proportional to mobility,
µ; On the other hand, the amplitude of the anomalous
Nernst effect, SAxy is proportional to the inverse of µ.
We will argue then the amplification of SAxy by disorder
reflects the fact that the anomalous transverse thermo-
electricity, αAxy depends on the Berry curvature (averaged
over a reciprocal distance set by the thermal de Broglie
wavelength), but not on the mean-free-path. This is to
be contrasted with the semi-classical αxy, which scales
with the square of the mean-free-path [3]. We show that
according to both theory and experiment, the Fermi sur-
ar
X
iv
:1
90
7.
05
56
5v
1 
 [c
on
d-
ma
t.m
trl
-sc
i] 
 12
 Ju
l 2
01
9
20 1 0 0 2 0 0 3 0 00
1 0 0
2 0 0
3 0 0
4 0 0
0 1 0 0 2 0 0 3 0 0
0 . 1
1
0 2 0 0 4 0 0 6 0 0 8 0 0 1 0 0 0
2 0
4 0
6 0
8 0
b
a
C o
S n
S
( a )
a b
c
( b )
ρ (µ
Ω
cm)
T  ( K )
 B 5 # 1 2 # 3 0 # 2 9 # 3 1
z x
y
( d )( c )
ρ/ρ 3
00K
T  ( K )
 B 5 # 1 2 # 3 0 # 2 9 # 3 1 L i u  e t  a l .  2 0 1 8 W a n g  e t  a l .  2 0 1 8   Y a n g  e t  a l .  2 0 1 8 S c h n e l l e  e t  a l .  2 0 1 30 . 0 3
T 2  ( K 2 )
ρ (µ
Ω
cm)
B 5
# 1 2
# 3 0
# 2 9
# 3 1
FIG. 1. Crystal structure, resistivity and sample-
dependent disorder-(a) Crystal structure of Co3Sn2S2. (b)
The temperature dependence of resistivity at zero-field in five
samples. The residual resistivity ratio (RRR) ranges from 4
to 21. The inset photograph shows an as-grown hexagonal-
shape sample with a typical dimension of 1.3×1×0.02 mm3.
The orientations of x, y and z are defined as [21¯1¯0], [011¯0] and
[0001] respectively. (c) Comparison of resistivity, normalized
to its room-temperature value between the samples used in
this study and four previous reports. The previous RRR is
comparable with the two dirtiest sample in this study. (d)
ρ as the function T 2 in our samples. The prefactor of T-
square resistivity is similar in all fours samples grown from
chemical vapor transport method but the difference is residual
resistivity leads to an upward shift.
face of Co3Sn2S2 is complex. Finally, we determine the
magnitude of the anomalous transverse thermoelectric
conductivity, αAxy in all five samples and find a qualita-
tive agreement between theory and experiment with no
need for invoking uncontrolled and unidentified extrinsic
dopants invoked previously [14]. It is remarkable that
the scaling between average mobility and the anomalous
Nernst coefficient remains valid in spite of the multiplic-
ity of Fermi surface pockets.
II. Samples with different mobilities
Co3Sn2S2 crystallizes in the shandite structure, which
consists of ABC stacking of Kagome sheets (See Fig.
1(a)). A picture of a hexagonal sample with typical di-
mension of 1.3×1×0.02 mm3 is shown in the inset of Fig.
1(b). The in-plane resistivity, ρxx, of the five samples
(among a dozen measured [27]) is shown in Fig. 1(b). A
kink at 177 K is visible in ρxx(T ). It indicates the Curie
temperature and the opening of a gap in the spectrum
of minority spins leading to the half metallicity [19, 20].
The residual resistivity ratio (RRR = ρ(300K)/ρ(2K))
varies between 4 in the dirtiest sample (B5) and 21 in
the cleanest (#31). Fig. 1(c), compares the normalized
resistivity (i.e. ρ(T )/ρ(300K) of the samples with the
data reported in four previous studies [12, 21, 24, 25].
One can see that three of our chemical-vapor-transport
(CVT) samples display the highest RRR. In Fig. 1(d),
the low-temperature resistivity is plotted vs. T 2. One
can see that disorder shifts the curves rigidly upwards
and the five-fold change in residual resistivity barely af-
fects inelastic scattering. Indeed, the prefactor of the
T-square resistivity [28] is the same (4.5 nΩcmK−2) (see
the supplement [27] for details).
Average mobility and carrier concentration in each
sample can be quantified using magnetoresistance
(Fig.2(a)) and the ordinary Hall conductivity (Fig.2(b))
(See [27] for details). The average mobility extracted
from magnetoresistance is in good agreement with the
mobility of electrons and holes extracted from the fit
to the ordinary Hall conductivity. The carrier density
for electrons and holes was found to be ne(∼= nh) =
8.7 ± 0.3 × 1019cm−3. As one can see in (Fig.2(c)), the
mobilities scale with the magnitude of RRR, providing
another check of our assumption that what distinguishes
these crystals is the disorder-limited mobility of carriers.
III. Evolution of anomalous and ordinary
responses with disorder
The field dependence of Hall conductivity σyx and the
Nernst signal Syx in sample #29 at different tempera-
tures are shown in the top panels (a, b) of Fig. 3. As
reported previously [12, 24, 25], there is a large hysteretic
jump in both coefficients in the ferromagnetic state of
Co3Sn2S2. The magnitude of the anomalous Hall con-
ductivity is only slightly larger than what observed in
BCC-iron [10]. On the other hand, the anomalous Hall
angle becomes as large as 20%, which as previously no-
ticed [24] is a record value. This arises because of the low
longitudinal conductivity in this dilute metal.
In the bottom panels (c) and (d) of the same Fig. 3,
one can see how disorder affects the two transport co-
efficients. In the Hall channel, the most visible differ-
ence between a clean and a dirty sample is the width
of the hysteresis loop. There is a difference in the slope
(which represents the ordinary component of the Hall
conductivity set by mobility), but a very slight variation
in the height of the jump (which quantifies the size of
the anomalous component). In the case of the Nernst
response, the difference is much more striking (Fig. 3d).
The cleaner sample presents a much smaller jump point-
ing to the amplification of the anomalous component with
disorder.
We carried out an extensive set of measurements on
the five samples with different mobilities in order to see
how the transport coefficients evolve with temperature.
A slightly attenuated disorder dependence is visible in
the case of σAyx in Fig. 4c. The five-fold increase in
mobility leads to a 10 percent decrease in the magni-
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FIG. 2. Quantifying mobility- (a) Low-field magnetore-
sistance in five different samples as a function of B2(T2),
where δρ(B) = ρ(B) − ρ(0). As expected, magnetoresis-
tance is quadratic in field and is larger in cleaner samples.
(b) Low-field ordinary Hall conductivity. Dashed lines show
fits to a two-band model. (c) Mobility of electrons and holes
(extracted from Hall conductivity), the average mobility (ex-
tracted from magnetoresistance) as a function of RRR of each
sample. They scatter around solid line with zero intercept.
tude of low-temperature σAyx (Fig. 4d). Fig. 4b shows
the temperature dependence of SAyx extracted from the
jump. Fig. 4c shows the same for ONE SOyx/T in different
samples, extracted from the Syx following its anomalous
jump. Comparing the two plots, one can easily see the
opposing tendencies. In the low-temperature limit, ONE
becomes larger in the clean samples while the opposite
is true for ANE. Plotting the low-temperature SAyx and
SOyx as a function of mobility (panel e) reveals a striking
contrast. One scales with µ, while the other scales with
µ−1. As one can see in panel (f), which compares the
magnitude of ONE in the system under study with other
solids, the magnitude of ONE is consistent with what is
expected in a semiclassical picture given the mobility and
the Fermi energy. Let us now turn our attention to the
magnitude of ANE.
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FIG. 3. Temperature-dependent AHE and ANE and
their response to disorder- Top: Temperature depen-
dence: (a) The Hall conductivity as a function of magnetic
field at three different temperatures; (b) The Nernst coef-
ficient as a function of magnetic field in at three different
temperatures. Note the emergence of a hysteretic loop and
anomalous responses in the ferromagnetic state. Bottom: The
effect of disorder: (c) The Hall conductivity compared in two
samples (the clean #29 and the dirty B5) at 30 K. (d). The
Nernst coefficient in the same two samples at the same tem-
perature. The jump, which represents the anomalous com-
ponent is larger in the dirtier sample, but the slope which
represents the ordinary component is larger in the clean sam-
ple. Note the wider hysteretic loop in the cleaner sample in
both Hall and Nernst data.
IV. What sets the amplitude of the intrinsic
anomalous Nernst effect?
At first sight, one may think that the amplification
of the anomalous Nernst response by disorder points to
an extrinsic origin. We now proceed to show that the
opposite is true and this is a signature of intrinsic Berry-
curvature based origin. We begin by recalling the expres-
sion for Hall conductivity for a two-dimensional circular
isotropic Fermi surface:
σ2Dxy =
neµ
1 + µ2B2
µB =
e2
h
`2
`2B
[
1
1 + `2k−2F `
−4
B
] (1)
Here, ` is the mean-free-path, kF (λF ) is the Fermi
wave-vector (wave-length) and `B = (~/eB)1/2 is the
magnetic length. We neglect numerical factors and fo-
cus on physical parameters. Two extreme limits, the low
field (µB  1) and the high field (µB  1) are to be
distinguished:
σLFxy ≈
e2
h
`2
`2B
(2)
41 1 0 1 0 00 . 0 0
0 . 0 4
0 . 0 8
0 . 1 2
0 . 1 6
0 5 0 0 1 0 0 0 1 5 0 0 2 0 0 00 . 0 0
0 . 0 5
0 . 1 0
0 . 1 5
1 1 0 1 0 00 . 0
0 . 5
1 . 0
1 . 5
1 1 0 1 0 00 . 0 0
0 . 0 4
0 . 0 8
0 . 1 2
0 . 1 6
1 E - 6 1 E - 4 0 . 0 1 1
0 . 0 1
1
1 0 0
0 5 0 0 1 0 0 0 1 5 0 0 2 0 0 00 . 0
0 . 4
0 . 8
1 . 2
( d )
( c )( a ) ( b )
-SA yx
/T

-
2 )
T  ( K ) ( f )( e )
 
-S yx
/T(1
T), 
-SA yx
/T (
µVK
-2 )
µ ( c m 2 V - 1 s - 1 )
-σA yx
 (10
3  Ω-
1 cm
-1 )
T  ( K )
           〈µ〉 4 3 7  c m 2 V - 1 s - 1 8 0 5  c m 2 V - 1 s - 1 1 0 9 1  c m 2 V - 1 s - 1 1 3 0 7  c m 2 V - 1 s - 1 1 7 1 2  c m 2 V - 1 s - 1
2  K
-S yx
/T(1
T) (
µVK
-2 )
T  ( K )
2  K
P b 1 - x S n x S e
( T M T S F ) 2 C l O 4 U R u 2 S i 2
C e C o I n 5
S r T i O 3
P r F e 4 P 1 2
P C C O
L S C O Y B C O ( p = 0 . 1 1 )
N b S e 2
B i
ν
/T (
1K)
 (10
-6  V
K-2 T
-1 )
µ/ E F  ( T - 1 K - 1 )
         F
g r a p h i t e
W T e 2
U R u 2 S i 2
C e R u 2 S i 2
B 5# 1 2 # 3 0
# 2 9 # 3 1
-σA yx
 (10
3  Ω-
1 cm
-1 )
µ ( c m 2 V - 1 s - 1 )
FIG. 4. Opposite evolution of ordinary and anomalous Nernst effects with disorder a, b, c) Temperature dependence
of the anomalous Hall conductivity σAyx (a); the anomalous Nernst effect S
A
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in five different samples with different mobilities as defined in panel a. (d) Low-temperature AHC modestly decreases with
incraesing mobility. (e) Variation of SOyx and S
A
yx with mobility. the first is proportional to mobility (dashed black line), but
the second proportional to the inverse of mobility (dashed red line). (f) The ordinary Nernst coefficient ν = SOxy/B at 2 K
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[3].
σHFxy ≈
e2
h
`2B
λ2F
(3)
In the high-field limit quantum effects dominate. The
latter expression provides the basis for the often-used ex-
pression for the anomalous Hall conductivity:
σAxy = −
e2
~
∫
BZ
dDk
(2pi)D
f(k)ΩB(k) ≈ −e
2
~
<
ΩB
λ2F
> (4)
For simplicity, we focus on the two-dimensional case
(D = 2) and assume that < ΩB
λ2F
> represents the sum-
mation of the Berry curvature, ΩB(k), over the relevant
cross section of the Fermi surface. ΩB has replaced the
square of the magnetic length, `2B . Berry curvature is
indeed a fictitious magnetic field.
We turn our attention to the off-diagonal thermoelec-
tric conductivity, αxy. According to the Mott’s rela-
tion, it quantifies the change in σxy caused by an in-
finitesimal shift in the chemical potential [29].Thus if the
mean-free-path were constant, there would be no low-
field αxy. However, in any realistic metal, scattering
is energy-dependent and therefore (See the supplement
[27]) :
αLFxy ≈
ekB
h
`2
`2B
λ2F
Λ2
(5)
Here Λ =
√
h2
2pim∗kBT
is the de Broglie thermal wave-
vector. The experimentally-measured Nernst signal,
Syx =
Ey
∇xT is simply the ratio of αxy to longitudinal
resistivity (in the small-Hall-angle limit). Thus:
SLFxy ≈
kB
e
`
`2B
λ3F
Λ2
(6)
5Thus, the ordinary Nernst signal is proportional to the
mean-free-path. Note that this equation is identical to
the statement that the Nernst signal at low temperatures
is set by the ratio of mobility to the Fermi energy [3],
which is the case in numerous metals (Fig. 4f). Let us
now consider the high-field regime. In this limit, it is
the energy dependence of λF (and not `), which matters.
Using Eq. 3 and the Mott relation one finds (See [27]):
αHFxy ≈
ekB
h
`2B
Λ2
(7)
In analogy with σAxy, this expression can be used to
quantify the magnitude of αAxy caused by the Berry cur-
vature fictitious field:
αAxy ≈
ekB
h
<
ΩB
Λ2
> (8)
We see that αAxy is also set by the summation of the
Berry curvature over a cross-section of the Fermi sur-
face, with the thermal wavelength replacing the Fermi
wavelength[29]. The anomalous Nernst effect would be:
SAxy ≈
kB
e
1
kF `
<
ΩB
Λ2
> (9)
This equation implies a SAxy inversely proportional to the
mean-free-path. Thus, both the correlation of the ONE
and the anti-correlation of the ANE with the carrier mo-
bility can be explained from Berry-curvature point of
view.
However, this is a single-band approach and, as we are
going to see in the next section, the solid under study
has multiple Fermi surface sheets.
V. Multiplicity of the Fermi surface pockets in
Co3Sn2S2
According to our theoretical calculations, the Fermi
surface of this compensated semi-metal consists of nu-
merous pockets. For both electrons and holes, there are
two types of pockets. In the case of electrons there are
six banana-shape pockets between L and W (called E1),
and six triangle-lik along Γ and L (called E2). In the case
of holes, there are three cylinder-like pockets at L (called
H1), and six triangle-like pockets between Γ and U (called
H2) (See Fig. 5). Integrating the size of Fermi pockets
leads to the carrier density: ne = nh = 1.7 × 1020 cm−3
for the perfectly stoichiometric solid (that is in absence
of uncontrolled doping)[27]. This is twice larger than
the one extracted experimentally from experimental Hall
conductivity and residual resistivity . At the charge neu-
trality, the distance between the chemical potential and
the band edges for electron/hole bands is in the range of
40 to 76 meV. The calculated cyclotron masses for these
pockets are between 0.3 and 1.3 times the bare electron
mass (see tableI).
Our experimental study of magnetoresistance up to 60
T for two field orientations (B//ab and B//c) led to the
observation of quantum oscillations (See Fig. 6). The
oscillatory part of the magnetoresistance is visible after
subtracting the background (Fig. 6a,b). Performing a
Fast Fourier Transform, one can resolve two principal
frequencies (Fig. 6c,d). The temperature dependence of
the oscillations allow to extract the corresponding masses
of each frequency. The frequencies, effective masses and
the Fermi energies are summarized in table I.
We obtain the theoretical SdH frequencies by the On-
sager relation F = (Φ0/2pi
2)A, where A is the extreme
cross-section of corresponding Fermi pocket, Φ0 = h/2e
is the magnetic flux quantum and h is the Planck con-
stant. One can see that the experimental and theoretical
frequencies roughly agree.
At this stage and in the absence of a detailed angle-
dependent study of the SdH frequencies, we cannot reach
to a definite identification of the electron and hole pockets
postulated by theory. Thus, the definite Fermiology of
this solid remains unestablished and a task for future
studies. Nevertheless, what previous studies pointed out
[21, 24] is confirmed by our study. There are multiple
sheets to the Fermi surface of this compensated semi-
metal.
VI. Anomalous off-diagonal thermoelectric
conductivity, αAxy: theory and experiment
Previous studies of the anomalous Nernst effect in this
system [12, 14] reported on the magnitude of the anoma-
lous off-diagonal thermoelectric conductivity, αAxy(T ). As
we will see below, our data and analysis lead us to a dif-
ferent picture from those.
The anomalous off-diagonal thermoelectric conduc-
tivity is linked to the anomalous Nernst coefficient,
SAxy through three other coefficients, which are the
Theory Experiment
E1 E2 H1 H2 Pocket1 Pocket2
F(B//z ) 216 312 114/160 402 148 238
m∗(B//z ) 0.62 1.08 0.29/0.76 0.98 0.53 0.46
F(B//xy) 296 490 701 490 377 586
m∗(B//xy) 0.86 1.21 1.20 1.20 0.68 1.03
EF (B//z) 58 40 77 68 64 66
EF (B//xy) 33 60
TABLE I. Theoretical and experimental frequencies (F) in
unit of telsa, effective masses (m∗) in unit of free electron mass
me for two orientations of magnetic field. The theoretical
EF (B//z) in unit of meV is taken from the band edge of
corresponding band in Fig. 5. We note that the calculated
H1 pocket has two extreme cross-sections and thus shows two
cyclotron frequencies. The cyclotron orbits of each pocket can
be found in the supplementary information(Fig. S7).
6FIG. 5. Theoretical bands and Fermi surfaces. The electron and the hole pockets of Co3Sn2S2. There are two types of
electron pockets (a) banana shape pockets called E1 and (b) triangular shape pockets called E2, and two type of hole pockets
(c) cylindrical shape pockets called H1 and (d) triangular shape pockets called H2. The lower panels show energy dispersion
along three orientations and the location of the pockets follow green lines in upper panels. Colors represent the Berry curvature.
anomalous Hall conductivity σAxy, the (ordinary) longi-
tudinal conductivity, σxx, and the (ordinary) Seebeck
coefficient,Sxx:
αAxy = Sxxσ
A
xy + S
A
xyσxx (10)
Fig. 7 presents the temperature dependence of these
four coefficients in the five samples. One can see how
disorder affects the four different coefficients in different
ways. As expected, low-temperature conductivity, σxx
is damped by decreasing mean-free-path (panel a). On
the other hand, the low-temperature Seebeck coefficient,
Sxx, does not very significantly between samples with
different mobilities (panel b), confirming that the chem-
ical potential and doping level have not changed in any
significant way. As we saw above, disorder affects mildly
σAxy (panel c), but drastically S
A
xy (panel d).
The two terms on the right side of Eq. 10 are shown
in Fig.8a,b . As seen in the figure, the two terms are
comparably large and have a maximum of the order of
3-4 Am−1 K−1. However they have opposite signs and
as a result, αAxy is smaller and becomes negative below
80 K in all samples (See Fig. 8c). Our result is different
from the two previous reports 12 and 14.
Ref.12 instead of subtracting the two components
added them up. As a consequence, the peak amplitude of
αAxy is much larger than what is found here or in ref. 14.
On the other hand, the data reported in ref. 14 matches
our data over a temperature range but not below 100 K.
In particular, Guin and co-workers did not resolve the
sign change visible in five different samples studied in
this work. We can only speculate that the sign change
was missed because of the scarcity of their data points
below 60 K (See Fig. 8c).
As one can see in the inset of Fig. 8c, the asymptotic
zero-temperature slope of the anomalous off-diagonal
thermoelectric conductivity αAxy/T in our samples is
small and in the range of 0.05-0.10 Am−1 K−2. The dis-
persion among samples reflects the accumulated uncer-
tainties in four distinct measurements and possibly some
alight yet finite change in chemical potential. What we
can firmly say is that the low-temperature αAxy is negative
(and not positive).
In theory, we calculated the anomalous off-diagonal
thermoelectric coefficient using [4]:
αAxy(T, µ) = −
1
e
∫
d
∂f(− µ, T )
∂
− µ
T
σAxy(), (11)
Here σAxy() is the chemical potential dependent AHC
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FIG. 6. Shubnikov-de Haas (SdH) data for B//ab
and B//c- Oscillatory component of magnetoresitance after
subtracting a monotonous background for B//ab (a) and for
B//c. (c). The FFT shows two peaks for both configura-
tions (b) and (d). The inset shows the way effective masses
of different frequencies were extracted from using a Lifshitz-
Kosevich fit to the temperature dependence of the amplitude
of the FFT peaks.
at the zero temperature (see Eq. 4), f( − µ, T ) is the
Fermi-Dirac distribution function and µ is the chemical
potential. Near the zero temperature, this equation gives
the Mott relation:
αAxy
T
|T→0 = −pi
2k2B
3|e|
dσAxy
dµ
, (12)
We have calculated σ˜Ayx based on the Berry curvature
extracted from the ab initio calculations and further ob-
tained αAyx by Eq. 11, as shown in Fig. 9. At the charge
neutral point, αAyx exhibits nearly a peak slope to T near
the zero temperature. This large slope is negative and
is induced by the large gradient of −σAyx (see Fig. 9a-b).
Here αAyx/T is about –0.03 Am
−1 K−2, slightly smaller
than the experimental value. Actually the negative low-
temperature slope exists in a wide chemical potential
window (µ > −15 meV). This may explain why all five
samples exhibit the negative slope, if there might be un-
noticed small variation in the chemical potential. We can
get more insights from Eq. 8. Different from σ˜Axy, which
is determined by the Berry curvature of all bands below
the Fermi surface (see Eq. 4), αAyx is a Fermi surface prop-
erty and determined by the Berry curvature Ωyx at the
Fermi energy (Eq. 8). As indicated in Fig. 5, Ωyx exhibits
dominantly negative value near the charge neutral point,
which is caused by anti-crossing bands (E1, E2 and H2
in the Fermi surface of Fig. 5). Then large negative Ωyx
induces large negative αAyx/T at low temperature.
It is worth noting that ab initio calculations can only
reveal the low-temperature physics. Present calculations
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FIG. 7. Four different transport coefficients and
disorder- Temperature dependence of (a) longitudinal con-
ductivity; (b) the Seebeck coefficient; (c) anomalous Hall con-
ductivity; and (d) The anomalous Nernst coefficient in the five
samples. Note the strong variation of longitudinal conductiv-
ity and the anomalous Nernst coefficient with disorder, the
mild effect on anomalous Hall conductivity and the constancy
of the Seebeck coefficient in the low -temperature limit.
do not include the effects such as the spin fluctuation
and phonons at higher temperature, which can alter the
the band structure and ANE. Thus, it is not surprising
that the calculated αAyx(T ) does not show a sharp upturn
to the positive side from about 40 K to the magnetic
transition temperature as seen in Fig. 8.
We note that Ref. 14 invoked a shift of −80 meV in the
chemical potential in order to explain a presumably pos-
itive αAxy at higher temperature. We note that given the
small size of the Fermi surface pockets and their Fermi en-
ergies, such a shift in the chemical potential would imply
a large departure from electron-hole compensation (see
our supplementary information for the chemical poten-
tial dependent carrier densities), which would contradict
their Hall conductivity data, which is similar to ours. We
conclude that the agreement between our theory and ex-
periment is such that there is no need to invoke a huge
uncontrolled and unidentified doping to explain an αAxy
of opposite sign.
VII. Concluding remarks
In summary, we performed an extensive set of electric
and thermoelectric transport measurements on Co3Sn2S2
with different impurity contents. We found that increas-
ing the mean-free-path enhances the ordinary and re-
duces the anomalous components of the Nernst coeffi-
cients. Both theory and experiment find that this solid
has a complex Fermi surface with multiple electron and
hole pockets. However, the scaling of the anomalous
80
2
4
0 1 0 0 2 0 0 3 0 00
2
4
0 1 0 0 2 0 0 3 0 0
- 1
0
1
2
3
0 1 0 2 0 3 0
- 0 . 1 0
- 0 . 0 5
0 . 0 0( a ) ( c )
-SA yx
⋅
σ
xx (A
m-1 K
-1 )
S xx⋅
σ
A yx (A
m-1 K
-1 )
T  ( K )
α
A yx (A
m-1 K
-1 )
T  ( K )
〈µ〉  ( c m 2 V - 1 s - 1 )  = 4 3 7 8 0 5 1 0 9 1 1 3 0 7 1 7 1 2 G u i n  e t  a l .  2 0 1 9
( b )
α
A yx/T
 (Am
-1 K-
2 )
T  ( K )
FIG. 8. Anomalous off-diagonal component of the thermoelectric tensor αAyx- (a).(b). Temperature dependence of
two products Sxxσ
A
yx and −SAyxσxx. The total αAyx is the difference between these two large signals. (c). The anomalous
thermo-electricity coefficient αAyx in the five samples. Also shown is the data reported by Guin et al.[14], Note the absence of
the negative slope resolved here in their data. The inset shows the αAyx/T at low temperatures to show the magnitude of the
asymptotic negative slope in different samples.
Nernst coefficient with the inverse of the carrier mobil-
ity, compatible with its intrinsic Berry-curvature origin,
derived in a simple one-band approach persists. Our de-
tailed analysis of the anomalous transverse thermoelec-
tric conductivity, αAxy, and its two components finds that
it is negative at low temperature. Both its sign and am-
plitude match what theory expects without invoking un-
controlled doping.
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Supplemental Materials for “Intrinsic
anomalous Nernst effect amplified by dis-
order in a half-metallic semimetal”
S1. Crystal growth and sample preparation
High-quality single crystals (labelled with #No.) of
Co3Sn2S2 were grown by chemical vapor transport
(CVT) using iodine as the transport agent. Stoichio-
metric amounts of cobalt powder (99.9%), tin powder
(99.99%), and sulfur pieces (99.99%) in quartz ampule at
900◦C and 800◦C in a two-zone tube furnace for weeks.
We also used a sample grown by tin-flux method [1, 2]
with lower residual resistivity ratio (RRR=ρ(300 K)/ρ(2
K)=4) labelled as B5. The properties of the samples
studied including those shown in the main text is listed
in table S1.
Sample RRR growth method A (nΩcmK−2) dimension (mm3)
B4 4 flux 2.9 1.9×1.1×0.11
B5 4 flux 3.2 1.5×1.1×0.12
#6 16 CVT 4.4 1.6×1.4×0.02
#7 22 CVT 4.5 1.2×1.1×0.007
#12 8 CVT 4.9 1.2×0.9×0.04
#18 19 CVT 4.5 1.9×1.5×0.2
#21 22 CVT 4.3 1.1×0.7×0.03
#29 15 CVT 4.4 1.3×0.8×0.02
#30 10 CVT 4.5 2.3×1.4×0.04
#31 21 CVT 4.3 1×0.8×0.003
TABLE S1. Properties of the samples used in the resistiv-
ity measurements. CVT stands for chemical vapor transport
growth method. Flux refers to the tin-flux growth method.
A is the prefactor of T-square resistivity in ρ(T ) = ρ0 +AT
2.
S2. Hall and Nernst measurements
Magnetoresistance and Hall resistivity were measured
by the standard four-probe method using a current source
with a DC nanovoltmeter in a Physical Property Mea-
surement System (PPMS, Quantum Design). The Nernst
measurements were performed using a chip-resistance
heater and two pairs of thermocouples for the differential
temperature measurement in PPMS under high-vacuum
environment. The ordinary Nernst effect (ONE) ν/T
is deduced from linearly fitting the field dependence of
Nernst signal beyond the anomalous components iden-
tified by a jump in the Nernst signal. The anomalous
Nernst (ANE) SAyx is derived by the interception at B = 0
from the linear part.
The samples discussed in the main text were also ex-
amined by the energy dispersive spectroscopy (EDS) to
determine their compositions. The results are listed in
the table S2, which indicate almost same chemical char-
acterization in these samples in the experimental margin
of the EDS. Excess tin was observed on the surface of a
2 0 4 0 6 0 8 0
0 1 0 0 2 0 0 3 0 00
1 0 0
2 0 0
3 0 0
4 0 0
( 0 0 1 2 )
( 0 0 9 )
Inte
nsit
y (a
.u.)
2 θ  ( d e g r e e )
( 0 0 3 )
( 0 0 6 )
ρ (µ
Ω
cm)
T  ( K )
 B 4  ( ~ 4 ) B 5  ( ~ 4 ) # 6  ( ~ 1 6 ) # 7  ( ~ 2 2 ) # 1 2  ( ~ 8 ) # 1 8  ( ~ 1 9 ) # 2 1  ( ~ 2 2 ) # 2 9  ( ~ 1 5 ) # 3 0  ( ~ 1 0 ) # 3 1  ( ~ 2 1 )
B  =  0I  / /  x
FIG. S1. Temperature dependence of resistivity for Co3Sn2S2
samples at zero field. The inset shows sharp X-ray diffraction
peaks, which can be indexed by the indices of (00l) lattice
planes.
the tin-flux as-grown sample Fig. S3b. However, its EDS
result after polishing is comparable with others. We no-
tice that a similar Sn excess of 2.07 in all samples. This
slight departure from perfect stoichiometry does not seem
to correlate with the slight imbalance between electrons
and holes seen in the Hall data.
Sample Cobalt Tin Sulfur
B5 3.01 2.07 2.00
#12 3.01 2.07 1.99
#30 3.02 2.07 1.98
#29 3.00 2.07 2.00
#31 2.99 2.07 2.00
TABLE S2. Elemental ratios in Co3Sn2S2 samples from EDS,
showing a consistent chemical composition result.
S3. Carrier density and mobility
Sample RRR Grown nh ne µh µe 〈µ〉
B5 4 flux 8.74 8.78 399 397 437
#12 8 CVT 8.74 8.72 802 801 805
#30 10 CVT 8.73 8.68 1003 1001 1091
#29 15 CVT 8.91 8.71 1377 1386 1307
#31 21 CVT 8.77 8.42 1768 1796 1712
TABLE S3. Electron (hole) arrier density [ ne (nh)] (in units
of 1019cm−3) together with their mobilities [µe (µh)] (in units
of cm2V−1s−1) in different samples. They were extracted us-
ing a two-band model of the ordinary Hall conductivity. The
average mobility, 〈µ〉, is extracted from fitting magnetoresisi-
tance by (ρ(B)− ρ(0))/ρ(0) ∝ (〈µ〉B)2.
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FIG. S2. Temperature-dependent Nernst response of
Co3Sn2S2 samples for a magnetic field applied along the z-
axis.
The Hall resistivity contains two components: ρH =
R0B+4piRsM where R0B is the normal part and 4piRsM
is the anomalous one. Therefore, the ordinary compo-
nent is ρNyx(B) = ρyx − 4piRsM and the ordinary Hall
conductivity σNyx = −ρNyx/(ρNyx2 +ρ2xx). Before fitting the
ordinary Hall conductivity, we subtracted the anomalous
part from the total Hall resistivity.
We employed two methods to extract the mobility in
each sample. First, a fit to the field dependence of the
ordinary Hall conductivity using a two-band model:
σyx = [
nhµ
2
h
1 + µ2hB
2
− neµ
2
e
1 + µ2eB
2
]eB (S1)
Here; σyx is the Hall conductivity and B is the mag-
( f )( e )
( d )( c )
( b )
B 5
# 1 2 # 3 0
# 2 9 # 3 1
( a )
( g )
1 m m
FIG. S3. (a)(c)(d)(e)(f). The scanning electron microscope
(SEM) images for the samples discussed in the main text. (b).
Image of a tin-flux as-growth sample. Excess tin can be seen
clearly on the surface of the sample. (g). The energy dis-
persive spectroscopy (EDS) spectrum of one of the Co3Sn2S2
samples.
.
netic field. nh(ne) is the carrier density of holes (elec-
trons), µh(µe) is the carrier mobility of holes (electrons).
The fitting results for carrier density and mobility are
listed in the tableS3. As seen in the table, the samples
are close to perfect compensation.
Low-field magnetoresistance is another way to extract
mobility, given that (ρ(B) − ρ(0))/ρ(0) ∝ (〈µ〉B)2. The
results are also listed in the table S3. Mobilities extracted
using these two methods are close to each other.
S4. T-square resistivity
The resistivity of a Fermi liquid is expected to follow a
quadratic temperature dependence: (ρ(T ) = ρ0 + AT
2).
The prefactor A is linked to the Fermi energy. The T 2
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FIG. S4. (a)Field dependence of Hall resistivity and (b)the
ordinary components of Hall resistivity at 2 K on five samples.
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FIG. S5. The prefactor A of T 2 resistivity vs. Fermi tem-
perature for a number of dilute metals[7] with our Co3Sn2S2
data included.
prefactor A in Co3Sn2S2 samples are listed in table S1.
As seen in Fig. S5, which shows the data for numerous
dilute metals and find the consistence of our data with
these metals, pointing to a universal law for the behav-
ior between A and EF . The magnitude of A and Fermi
energy in Co3Sn2S2 correlate as observed in other dilute
metals [7].
S5. Derivation of αxy using the Mott formula
According to the Mott relation, αij is the energy
derivative of σij :
αij = − pi
2
3|e|k
2
BT
∂σij()
∂
|=F (S2)
As stated in the main text, the low-field expression for
two-dimensional Hall conductivity is :
σLFxy ≈
e2
h
`2
`2B
(S3)
When the mean-free-path is energy-independent, the
energy derivative of σLFxy is zero. A more realistic as-
sumption is some ` = `0(1 + 
α/F ), with α ≈ 1. There-
fore:
∂`()
∂
|=F ≈
`
2F
(S4)
This yields:
αLFxy =
pi2
3
ekB
h
2`2
`2B
kBT
F
(S5)
By replacing kBTF with
λ2F
Λ2 , one deduces Eq. 5 of the
main text.
In the high-field regime, the expression for two-
dimensional Hall conductivity is :
σHFxy (k) ≈
e2
h
`2Bk
2 (S6)
With a parabolic dispersion ( = ~
2k2
2m∗ ), one has:
∂k
∂
|=F =
m∗
~2kF
(S7)
Using Eq. S1 and Λ2 = h
2
2pim∗kBT
, one finds:
αHFxy ≈
ekB
h
`2B
Λ2
(S8)
Note that we are neglecting numerical factors of the
order of unity. This is the expression given in the Eq. 7
of the main text.
S6. DFT calculation
Our calculations were performed using the density-
functional theory (DFT) in the framework of the general-
ized gradient approximation[10]) with the full-potential
local-orbital minimum-basis code (FPLO)[8]. Spin-orbit
coupling was included in all calculations. We obtained
atomic like Wannier functions from DFT Bloch wave
functions. Then we built the Wannier-based tight-
binding Hamiltonian and calculated the Berry curvature
and anomalous Hall conductivity in the clean limit. We
employed a k-point grid of 300×300×300 for the anoma-
lous Hall conductivity.)
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